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The n TOF Collaboration The neutron capture cross section of 204 Pb has been measured at the CERN n TOF installation with high resolution in the energy range from 1 eV to 440 keV. An R-matrix analysis of the resolved resonance region, between 1 eV and 100 keV, was carried out using the SAMMY code. In the interval between 100 keV and 440 keV we report the average capture cross section. The background in the entire neutron energy range could be reliably determined from the measurement of a 208 Pb sample. Other systematic effects in this measurement could be investigated and precisely corrected by means of detailed Monte Carlo simulations. We obtain a Maxwellian average capture cross section for 204 Pb at kT = 30 keV of 79(3) mb, in agreement with previous experiments. However our cross section at kT = 5 keV is about 35% larger than the values reported so far. The implications of the new cross section for the s-process abundance contributions in the Pb/Bi region are discussed.
I. INTRODUCTION
The heaviest stable isotopes with masses A = 204 -209 are synthesized by neutron capture reactions, the s and the r processes. According to the stellar model of Arlandini et al. [1] , the s-process fraction of 204, 206 Pb is mostly produced in thermally pulsing asymptotic giant branch (agb) stars, the so called main component of the s process. On the other hand, the galactic chemical evolution study of Travaglio et al. [2, 3] showed that the heavier lead isotopes 207, 208 Pb and bismuth are basically synthesized by early generation, low-metallicity, low-mass agb stars. Bismuth is the last element synthesized by the slow process, thus further neutron captures on this isotope are recycled back to 206, 207, 208 Pb via α-decays. The situation at the end of the s process is complicated due to branchings in the α-recycling at 210 Po (t 1/2 = 138 d) and at 210m Bi (t 1/2 = 3 Myr). In this termination region, 204 Pb is the only of pure s-process origin, because it is shielded from the r process by its isobar 204 Hg. Therefore, 204 Pb is important for disentangling the complex Pb/Bi abundance pattern. The solar abundance and the cross section of 204 Pb need to be accurately known for a consistent determination of the s-process components of the Pb/Bi abundances, which provides a basis for constraining the complementary contributions from explosive r-process nucleosynthesis.
With an improved s-process part, the respective r components, which consist of the direct r-process yields as well as of the decay products from the α-unstable transbismuth region, could be more accurately determined [4] . The radiogenic fractions are important in order to consolidate the validity of the U/Th cosmochronometer [5, 6, 7, 8] . The cross section of 204 Pb also enters into the calculation of the s-process branching at 204 Tl. Since this branching shows a strong temperature dependence, the abundance of 204 Pb represents an important test for agb models, which exhibit strongly different neutron densities and temperatures in and between thermal pulses [9] .
Thanks to improvements both in experimental techniques and detectors, difficulties in previous measurements of the (n, γ) cross section of 204 Pb [10] could be significantly reduced. This concerns the investigated neutron energy range, which had been covered only for energies above 2.5 keV with the consequence that some important resonances were missed. It also concerns the correction for background from neutrons scattered in the sample, which had a strong effect on the capture width of broad resonances. The setup in previous experiments suffered from large scattering corrections with uncertainties of ∼50%. Apart from this problem, the remaining systematic uncertainties had been estimated to be ±5% [10] .
The (n, γ) cross section measurement at the CERN n TOF facility [11] has covered the full energy range between 1 eV and 1 MeV in a single experiment, and the corrections due to scattered neutrons became negligible for all resonances by using C 6 D 6 detectors with reduced neutron sensitivity [12] . Furtheron, systematic uncertainties were improved to the level of 3% [13] by detailed Monte Carlo simulations of the experimental setup.
II. CROSS SECTION MEASUREMENT
The present measurement was carried out with a 204 Pb sample of 99.7% isotopic enrichment. At n TOF, neutrons are produced by spallation reactions using a pulsed proton beam (6 ns (rms), 20 GeV/c) impinging on a lead block. A water layer around the lead target serves as moderator of the initially fast neutron spectrum, as well as coolant of the spallation target. Particularly relevant for this measurement was the low n TOF duty cycle with a pulse repetition rate of 0.4 Hz, which allows us to cover a wide energy range from 1 MeV down to 1 eV. A further advantage of the present measurement is the small sample thickness of n = 0.00376 at/barn, more than 7 times thinner compared to the sample used in a previous measurement [10, 14] . In this way, systematic effects due to multiple scattering and neutron self absorption in the sample become rather low.
The sample was mounted on the ladder of an evacuated sample changer made from carbon fiber. In addition a thin gold sample was also regularly measured for ab-solute yield normalization via the saturated resonance technique [15] , and an enriched 208 Pb sample, which has a negligibly small (n, γ) cross section with only few resonances in the investigated energy range, served for the the determination of the in-beam γ-ray background produced by neutron captures in the water moderator of the lead spallation target. Due to the relatively large cross section of 204 Pb, this background was only a minor difficulty for the present measurement. Neutron capture events were registered via the prompt capture γ-ray cascade by a set of two C 6 D 6 detectors, which were optimized with respect to neutron sensitivity [12] . The detectors were placed at 125
• with respect to the direction of the neutron beam in order to minimize angular distribution effects as well as the background due to in-beam γ-rays. A schematic view of the experimental setup can be seen in Fig. 2 of Ref. [16] . The neutron flux Φ n (E n ) was previously determined by measuring the well known 235,238 U fission yields [17] . During the experiment it was determined by means of the saturated gold resonance at 4.9 eV measured with the gold sample, and it was also monitored by means of a monitor detector consisting of a thin 6 Li foil surrounded by a set of four silicon large detectors for recording the products of the 6 Li(n, α) 3 H reactions [18] .
III. DATA ANALYSIS
Since the γ-ray efficiency of the C 6 D 6 detectors is rather small, their response function needs to be appropriately weighted in order to achieve a cascade detection probability independent of the particular γ-ray registered. This is achieved by applying the pulse height weighting technique (PHWT) [19] . In the present analysis the weighting functions (WF) for the measured lead and gold samples were obtained via the Monte Carlo technique, following the procedure described in Refs. [13, 16] .
The experimental capture yield Y exp can then be determined from the measured and weighted count rate (N w ),
where E c is the neutron capture energy, f sat an absolute yield normalization factor determined from the analysis of the 4.9 eV saturated resonance in the gold runs, and f t is a yield correction factor, which accounts for the effect of the threshold in the pulse height spectra of the C 6 D 6 detectors. The latter corrections, which were obtained by Monte Carlo simulations as described in Refs. [13, 16] , were found to be 3.1(3)% for resonances with spin J = 1/2 and to 3.6(3)% for J = 3/2 resonances. The treatment of the experimental background will be described in the two following sections.
The systematic uncertainties of the present measurement are summarized in Table II . 
IV. RESULTS IN THE RESOLVED RESONANCE REGION
In the resolved resonance region (rrr), the experimental yield (1) is described by means of the R-matrix formalism in terms of individual resonance parameters using an equation of the type,
Where available, the neutron widths Γ n from literature [20] have been used as input for the present analysis. The capture width Γ γ of each observed resonance was fitted with the R-matrix code SAMMY [21] , which includes also corrections for several experimental effects, e.g. for Doppler broadening, multiple neutron scattering and self shielding in the sample. The background term B(E n ) could be precisely determined from the concomitant (n, γ) measurement with a 208 Pb sample. Given the much lower capture cross section of 208 Pb, the C 6 D 6 response function to in-beam γ-rays scattered by the 204 Pb sample could be directly determined from the measured 208 Pb spectrum. The contribution from scattered γ-rays dominated the overall background in the present measurement by far.
In the interval from 1 eV to 30 keV, B(E n ) could be adjusted to a function of the type,
Between 30 and 100 keV the background showed systematic fluctuations, which could not be described by means of a single analytical function. Hence, the background was defined in that energy range by a pointwise numerical function, as illustrated in Fig. 1 . 
FIG. 1: (Color online)
204 Pb capture yield and pointwise background in the neutron energy region between 54 and 74 keV.
The capture widths, Γ γ , obtained in this analysis are listed in Table III . Also, the capture kernels
are given for each case together with the respective uncertainties. 2  230  9  1840  204  8  39557 0 1/2 1361  6 158000 1349  6  39890 1 1/2  131  10 2780  125  9  40520 1 1/2  250  9  1230  207  8  40888 1 3/2  270  9  545  361  6  41670 0 1/2  221  9  7050  214  9  42380 1 3/2  182  9  1835  331  8 The capture cross section measured in this work was convoluted with a Maxwell-Boltzmann distribution in order to determine the Maxwellian averaged cross section (MACS) versus thermal energy, which is the relevant input quantity for nucleosynthesis calculations. The MACSs obtained in the present work are compared in Fig. 3 with the values reported in Ref. [23] , which are based on the only previous capture measurement [10, 14] . The large discrepancy of almost a factor of two below kT = 15 keV is due to the resonances below E n = 2.5 keV, which had not been reported before.
At higher thermal energies the two data sets are in better agreement. Nevertheless, the present results are consistently smaller and about a factor of two more accurate. About 20% of the MACS at 30 keV is due to the contribution of the average capture cross section beyond 100 keV, reported in Table IV The impact of the new MACS in the determination of the s-process abundances N s was estimated using the stellar model described in Ref. [1] . Calculation have been made for stellar masses of M = 1.5M ⊙ and 3M ⊙ , and for a combination of metallicities, [Fe/H]=−0.3 and [Fe/H]=−1.3, which have been shown to account for the main and strong s-process components, respectively [2, 3] . In spite of the much larger MACS at lower stellar temperature, the calculation based on the new cross section yields only a 4.6% lower s-process production of 204 Pb, when compared to the same calculation made with the MACS of Ref. [23] . This result clearly illustrates that the production of 204 Pb is mostly efficient at the higher temperatures during He-shell flashes, when the decay of 204 Tl is strongly enhanced [24] . The present estimate for the s-process abundance of 204 Pb at the epoch of solar system formation is 95% (relative to 150 Sm). The uncertainty on the solar abundance of lead is as high as 7.8% according to Anders and Grevesse [25] , rounded to 10% by Lodders [26] . Within this uncertainty, which applies entirely to the solar sprocess contribution of 204 Pb, the s-process abundance of 204 Pb obtained here is in perfect agreement with the expected value of 100%.
A more consistent result will be attempted in a comprehensive study [27] based on more stellar detailed model calculations and on a complete set of new cross sections in the Pb/Bi region, e.g. recent data for 207 Pb [28] and 209 Bi [16] and new data for 206 Pb.
VII. SUMMARY
The neutron capture cross section of 204 Pb has been measured in a high resolution time-of-flight experiment at the CERN n TOF facility. Data were obtained in the neutron energy range from 1 eV to 440 keV. From a resonance analysis with the R-matrix code SAMMY the capture widths of 170 resonances could be determined between 400 eV and 100 keV with an overall systematic uncertainty of 3%. The average capture cross section in the energy interval from 100 to 440 keV was determined with an uncertainty of ∼10%. From these results, Maxwellian averaged cross sections have been derived, which exhibit large discrepancies with respect to previous data. At thermal energies below kT =15 keV the present values are larger by up to a factor of two because new low-energy resonances could be included, whereas they are systematically lower by about 10% at high values of kT , presumably because the neutron sensitivity of the older data had been underestimated. In any case, the systematic uncertainties could be improved by a factor of two as well. In spite of the significantly higher stellar cross sections at low kT , stellar model calculations show that the 204 Pb abundance is not affected by more than 5%. This result indicates that the production of 204 Pb takes place during He-shell flashes, where the cross section differences with respect to the previous measurement are smaller and where the comparably high temperatures lead to an enhancement in the β-decay rate of 204 Tl, thus favoring the s-process path towards 204 Pb.
